The habenula is an evolutionarily conserved structure (Stephenson-Jones et al., also Figure 1E , red trace). These observations confirm that the activity of zebrafish 1 0 2 habenula neurons is affected by change in irradiance, and that in addition to excitation 1 0 3 there is inhibition by light, as well as excitation to loss of light.
1 0 4
The s1011tGAL4 line drives GCaMP3 expression throughout the habenula, and Taken together, these results suggest that the habenula afferents providing We next searched for afferents that could provide such properties in larval 1 3 9
zebrafish. We focused initially on inputs that could account for the asymmetry in the As noted above, light caused both increase and decrease in activity of habenula 1 6 9
neurons, implying that there may be excitatory and inhibitory afferents. Using an 1 7 0 antibody to vGlut1/2, glutamatergic pre-synapses were detected in all neuropils of the 1 7 1 habenula ( Figure 5H ), indicating the existence of excitatory afferents. GAD65/67 labeled 1 7 2 puncta could also be detected in habenula neuropils ( Figure 5I ). In the lateral regions, corresponding to the ventral habenula, labeled streaks were detected adjacent to cell 1 7 4
bodies. These labels were not located within habenula neurons, as they did not co-1 7 5
localize with cytoplasmic label provided by GCaMP3, nor did they fill the cytoplasm, implying that these puncta and streaks must reside in habenula afferents (i.e. axon 1 7 7 terminals) such as those labeled in Movie 2. Labeled cell bodies were seen below the expressed in thalamic neurons with the s1020tGAL4 driver ( Fig. 6A ). Experiments were 1 9 0 carried out on fish lacking eyes, to prevent a response to visual stimulation. Short pulses If the thalamus provides afferents mediating illumination-dependent activity in the 2 0 0 habenula, thalamic neurons should respond to increase and decrease of illumination. To 2 0 1 test this, calcium imaging was carried out in s1020tGAL4, UAS:GCaMP6s transgenic 2 0 2 fish. A response to increase and decrease in illumination was detected in cell bodies in the thalamus has a response to both increase and decrease of illumination. As shown in Figure 4G -I, light evokes strong activity in the dorsal neuropil of the 2 1 3 left habenula. As the line used in this imaging experiment contains only labelled 2 1 4 1 0 habenula neurons, the response probabaly occur in dendrites. Given that there is no 2 1 5 obvious anatomical asymmetry in thalamic input to the habenula (Figure 5F, G; see also   2  1  6 Turner et al, 2016), we hypothesized that there may be functional asymmetry in activity 2 1 7 within thalamic inputs. To test this, we imaged the terminals of thalamic axons using 2 1 8 s1020tGAL4, UAS:GCaMP6s fish. Thalamic terminals in the dorsal left neropil showed a 2 1 9
greater activity compared to those in the right neuropil ( Figure 8 ). Thus, preferential light-
evoked activity in thalamic afferents that project to the dorsal left neuropil may underlie 2 2 1 the asymmetric dorsal habenula response. Finally, we asked whether a projection from the thalamus to the habenula, suggests that a visual nucleus in the thalamus projects to the habenula in a mammal. and lesion, our data suggests that the thalamus mediates the habenula responses to 2 7 0 irradiance change in larval zebrafish. The region of the thalamus mediating activity in the habenula appears to be the of these effects of light may be mediated by the thalamic projection to the habenula. A projection from the thalamus to the habenula may be evolutionarily conserved in 2 9 6
vertebrates. In humans and rabbits, a thalamo-habenula projection was proposed many 2 9 7 years ago based on degeneration experiments (Marburg, 1944; Cragg, 1961) . Using retrograde tracing with horseradish peroxidase, a projection from the dorsal thalamus to 2 9 9 the habenula was reported in a lizard (Díaz and Puelles, 1992) . Hints of a projection can wildtype. Tg(elavl3:GCaMP6f)a12200 was generated by PCR amplification of the GCaMP6f ng/μL. A single founder was selected based on high and spatially broad expression. Outcrossing this founder generated 50% GCaMP6f-positive embryos, which were 3 2 9
selected to establish the line. Zebrafish larvae (aged 5 -10 dpf) were anaesthetized in mivacurium and a fixed stage upright microscope, using a 25x water immersion objective (NA = 1.1). The Light stimuli were generated by 5 mm blue LEDs (458 nm peak emission). They Initial Data Preprocessing: Raw images obtained were first registered to correct 3 5 0 for any vertical/horizontal movement artifacts using cross correlation. Then, a median 3 5 1 filter of size 3 was applied to remove noise. A darker region outside the region of 3 5 2
interest was chosen as the background and subtracted from the image to remove any 3 5 3 background noise. Non linear trends in the data were detrended using polynomials of 3 5 4 order 2-5. Data was then normalized into Z-scores by subtracting the overall mean and directly analysed as pixels (see Below). Thalamic afferents) or segmented cells (in the habenula) were classified as responding
to light ON or OFF by calculating their correlation coefficient to a square wave that is 1
when the light is ON or when light is OFF and 0 during other time periods. High 3 6 2 correlation to these traces indicated that the pixel or cell is responding to light ON or 3 6 3 OFF respectively. representation of the population. In normal fish, in the habenula ( Figure 1D ) and were chosen to plot the data in low dimension. They showed reproducible state changes 3 7 5
in the population to changes in irradiance. In eye lesioned fish ( Figure 7P ) however, 3.26%; first 20 PCs 39.53%) showed any discernable correlation to light evoked activity 3 7 8
(The inset in Figure 7P ). The first two are plotted in Figure 7P for comparison with 3 7 9
controls. Correlation coefficients plotted in insets of Figure 7M and 7P were obtained by 3 8 0
correlating the PCs with a trace that was 1 when light was ON and 0 otherwise. Pixels belonging to the cluster were colored similarly and superimposed on an average 3 9 7
image of the plane analysed. In different datasets, on average, this analysis provided an 3 9 8 optimal k of 6-10; 3-4 clusters that didn't correspond to evoked activity were not included were also plotted here. To verify the results of k-means, the presence of light response The scripts used for analysis are provided at http://dx.doi.org/10.5061/dryad.q0171. then maximally projected to a single image, which was then subjected to a minimum filter 4 1 0
and unsharp mask to sharpen the boundary of cells. ROIs were identified using the "find 4 1 1 maxima…" command, as a way to localize regional darkest point as the center of each MS222. This procedure was carried out in Ringers saline. Fish were then mounted in 4 7 0
1.2% agarose in Ringers saline, and imaged using two-photon microscopy as described driven with a current of 900 mA, 30 seconds after the start of imaging. 10 pulses were 4 7 4 provided, with a pulse duration of 25 milliseconds and a frequency between 1 and 8 Hz. Each fish was exposed to at least 3 pulse trains. For Figure 6B -C, the average of the first to the genotype. bleeding in the brain after lesioning, due to bursting of a blood vessel in the thalamis, 4 9 5
were discarded. The mouse connectivity atlas (http://connectivity.brain-map.org/) was searched in 4 9 8
""Target Search" mode, using "TH" as the source structure and "EPI" as the target structure. The minimum target volume listed was 0.005 mm 3 . For each hit, serial 5 0 0
transverse sections containing the habenula, which had been imaged by two-photon 5 0 1 microscopy, were screened manually to verify that there were labelled fibers within the Neurosci 13:1354-1356. Neurosci 31:8708-8712. Academy of Sciences 106:17968-17973. Chen T-W, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Baohan A, Schreiter ER, Kerr The time indicated is time since start of illumination with the excitation blue LED. corresponds to a single pixel. Panels below show the average of the heat maps above. The shaded region is standard error of mean. Blue boxes indicate when light was Habenula activity before (E) and after (G) lesion of the thalamic neuropil. Pixels are 8 3 7
colored according to the traces in (F). There is a reduction in the sustained response to that are excited by blue light, following lesion of the thalamic neuropil (n = 12 fish), or 8 4 5 AF7 (n = 2 fish) or AF9 (n = 3 fish), or before lesion (n = 5 fish). P-value was obtained 8 4 6
using non parametric Wilcoxon rank sum test. Z is the test statistic, and r is the effect 8 4 7
size. The statistical comparisons were made between before lesion and after lesion. a: sections. Scale bar = 25 µm. interpeduncular nucleus (IPN), but not to the thalamus. Movie2. Thalamic neurons project to the habenula. Z-stack of a s1020t:GAL4, UAS:
Kaede, elavl3:GCaMP6f fish. Thalamic neurons are shown in red, and they can be seen 8 6 6
to project to the neuropils of the habenula. Red label also appears in streaks in the 8 6 7
lateral habenula. Anterior is to the top. with the thalamus. S1011Et drives GAL4 expression in the habenula, medial pallium and 8 7 5
anterior-lateral pallium. This is a dorsal view, with anterior to the left. (magenta) are visible in the thalamus, below the habenula. Anterior is to the left. The The images show the maximum projections of F/F 0 images for a 25-second period after blue LED illumination, following subtraction of maximum projections of the period before illumination (i.e. difference in activity before and after stimulation). (D-F) Heatmaps showing temporal activity from cells segmented in fish with (D, E) and without (F) ChR2. In D (n = 5 fish) and F (n = 2 fish), blue light pulse was given at the time indicated by the black dashed line. No blue light stimulation was given in E (n = 4 fish). Z-scores were calculated by subtracting each time traces by the total mean and dividing by the standard deviation. (G) Mean amplitude of z-scores before and after optogenetic stimulation. Each square stands for a stimulus trial. Amplitude difference before and after stimulation in ChR2-expressing fish: mean ± 95% CI: 1 Hz: 0.43 ± 0.56, 2 Hz: 0.72 ± 0.35, 4 Hz: 0.89 ± 0.28 and 8 Hz : 1.05 ± 0.18; in siblings: 0.21 ± 0.51. Scale bar = 25 µm. 
